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Abstract The present world, with all its advancement, is
not a sustainable world, simply because it is based on non-
renewable raw materials (non-RRMs). Sustainable world is
best expressed in terms of sustainable development and
non-RRMs must be replaced by sustainable materials. The
sustainable materials needed by modern society are very
wide and the main pillars are biofuels and bioproducts.
Both pillars are best related through integrated biorefineries
(IBRs) formed of related concepts which are very impor-
tant for the economic development and sustainability of all
countries on our planet. Integrated biorefineries include the
production of biofuels and bioproducts and utilizing novel
technologies. An IBR contains at least two routes: a bio-
chemical route based on a sugar platform and a thermo-
chemical-catalytic route based on a syngas platform. It is a
multiple inputs–multi outputs (MIMO) system with design
flexibility to accept a wide range of biofeedstock, espe-
cially wastes. If the biorefinery consists of only one route/
platform, or is limited with regard to MIMO or biofuels/
bioproducts produced, then it should be considered an
elementary biorefinery (EBR). Sustainable development
engineering which is a subsystem of sustainable
development (and sustainable world) is more general than
Environmental Engineering; and Clean and Green Tech-
nology, because it also includes the utilization of RRMs to
achieve not only sustainability but also clean environment.
An integrated system approach based on system theory is
used to analyse sustainable development, sustainable
world, sustainable materials, IBRs, EBRs and their
interactions.
Keywords Sustainable  Integrated biorefineries (IBR) 
Biofuels  Renewable raw material (RRM)
Introduction
System theory [1–17] is the basis of the integrated system
approach, which is the most efficient methodology for
knowledge classification, organization, transfer, and
exchange [18]. The integrated system approach is very
valuable in both research and education. In research, it is
one of the most important tools for the development of new
knowledge and novel processes, especially in areas where
multi-disciplinary research and development is a must for
innovative solutions [19, 20]. Sustainable development is
one of those areas that are multi-disciplinary by their very
nature [21]. It is formed by a number of sub-systems, each
of which is formed by its own elements (or subsystems of
subsystems depending upon the level of analysis). Sub-
systems of sustainable development include both technical
and non-technical categories, for example, technology,
socioeconomic, political, ethical/moral, and so on. Focus-
ing on any one of the sustainable development subsystems
can only be successful within a framework that has the
other subsystems as a background. Within the technologi-
cal subsystem of sustainable development, a structural
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hierarchy of subsystems, followed by subsystems of sub-
systems, down to elements gives the structure and bound-
aries of this important subsystem, especially from an
engineering point of view. It is useful in this regard to use
terminologies and classifications of system theory coupled
with terminology of non-linear dynamics and stability
theorem. As an example, we can consider efficient engi-
neering as a subsystem of environmental engineering,
representing a necessary but not sufficient condition for
Clean and Green Technology (C&GT). This is due to the
simple fact that applying efficient engineering without
taking environmental constraints into consideration can
achieve maximum productivity that would not necessarily
be environmentally clean. C&GT will need efficient engi-
neering as a prerequisite. Also, we can consider Environ-
mental Engineering as a subsystem of sustainable
development engineering, representing a necessary but not
sufficient condition for sustainability. This is due to the
simple fact that Environmental Engineering without using
RRMs can achieve C&GT and maximum productivity but
is not necessarily sustainable.
Sustainable development engineering will have both
efficient and environmental engineering as prerequisites.
The utilization of RRMs is at the heart of sustainability;
this leads to the crucial importance of biofuels at one level
and IBRs at higher levels, as discussed in this article,
using the integrated system approach as an efficient tool.
Although, biofuels from RRMs are very useful for a
cleaner environment, it is not sufficient for sustainable
development, which needs both biofuels and bioproducts
produced from RRMs, therefore, requiring IBRs. This
need of sustainable development and its coupling to IBRs
and RRMs suggests other needs for new technologies and
innovative solutions to old and new challenges as well as
novel technologies for RRMs. It is also important to take
into consideration the fact that RRMs are geographically
usually spread over wide areas while classical non-RRMs
are usually concentrated in certain areas; this will have
important effect on the technology of getting the raw
materials to the processing plant and the optimal layout of
the processes and the plant. Novel technologies will need
to be utilized to the most to make packages of RRMs with
their novel technologies compete with classical non-RRMs
and their well established technologies. For the first
package to win the competition it has to use research
extensively and utilize optimal coupling between experi-
mental techniques and mathematical/computer modelling
in the development and scaling up of novel technologies.
The theme of this article is to stress the importance of the
system theory when dealing with the issue of sustain-
ability, biofuels (BFs), and IBRs. In this respect, an
introduction will be presented about system theory, and
then the focus is on the how sustainable development (SD)




System theory is a basic tool for dealing with sustain-
ability and sustainable development, and hence it should
be more widely used in engineering education and
research. In this respect, definitions of some important
terms are essential. First of all, what is a system? The
word system derives from the Greek word systema and
means an assemblage of objects united by some form of
regular interaction or interdependence [17, 19]. A simpler,
more pragmatic description regarding systems includes the
following:
• A system is a whole composed of parts (elements or
subsystems).
• The concepts of a system, subsystem, and element are
relative and depend upon the degree of analysis.
• The parts of the system can be parts in the physical
sense or they can be processes. A system can be formed
of both (i.e. different parts of the system; a reactor and
a regenerator combined to form a fluid catalytic
cracking unit) [16], each part having a number of
processes taking place within its boundaries.
• The properties of the system are not necessarily the sum
of the properties of its components (elements or
subsystems), although they are, of course, affected by
those components. Instead, the properties of the system
result from non-linear interaction (synergy) between
elements or subsystems [17, 19].
The state of the system and state variables
The term state of the system, rigorously defined through the
state variables of the system, is used extensively in dis-
cussing and modelling/simulation of systems. These state
variables are chosen according to the nature of the system.
Input variables (parameters)
Input variables are not state variables. Instead, they are
external to the system but affect the system (i.e. work on
the system). For example, the feed temperature and com-
position of the feed stream to a distillation tower or a
chemical reactor or the feed temperature to a heat
exchanger are input variables.
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Design variables (parameters)
They are associated with the design of the system and are
usually fixed. Examples are the diameter and height of a
continuous stirred tank reactor (CSTR) or of a tubular reactor.
Boundaries of system
A system has boundaries distinguishing it from the sur-
roundings or environment. The relation between the system
and its environment leads to one of the most important
classifications of systems:
Isolated systems They do not exchange matter or energy
with the environment (surroundings). They tend to the state
of thermodynamic equilibrium (maximum entropy). An
example is a batch adiabatic reactor.
Closed systems They do not exchange matter with the
environment (surroundings), but they do exchange energy. Such
systems, again, tend to thermodynamic equilibrium (maximum
entropy). A batch non-adiabatic reactor is an example.
Open systems They exchange matter and energy with the
environment (surroundings). They do not tend to thermody-
namic equilibrium but to steady state or what should better be
called a stationary non-equilibrium state, characterized by
minimum entropy generation. A CSTR is an example.
The above shows that the term steady state commonly
used in chemical/biological engineering and other disci-
plines is not precise enough. A more accurate term should
be stationary non-equilibrium state, which is a characteristic
of open systems, distinguishing it from stationary equilib-
rium state, associated with isolated and closed systems.
Steady and unsteady states and thermodynamic equilibrium
of systems
Steady state occurs when the state of the system does not
change with time, but the system is not at thermodynamic
equilibrium. This steady state of lumped systems is a point in
a space having the same dimensions as the problem (number
of components ? temperature ? pressure, etc.), whereas
that for distributed systems is a profile in the space coordi-
nate(s) as additional dimension(s). Unsteady state of an open
system starts at an initial condition and tends with time
towards a steady state when the system is stable (a point for
lumped system and profile for distributed systems).
Integrated system approach
Sustainable development in a changing global environment
will require resilience at many levels, including human
communities and economic enterprises. In the face of ever-
increasing global complexity and volatility, it is essential to
move beyond a simplistic steady state model of sustain-
ability. Instead, we need to develop adaptive policies and
strategies that enable societal and industrial institutions to
cope with unexpected challenges, balancing their need to
be able to achieve an efficient sustainable development.
The current lack of success in improving industrial sus-
tainability, coupled with the challenges of biocomplexity
and resilience, indicates that sustainability is a system’s
problem requiring collaborative solutions with a cross-
disciplinary nature [12, 22, 30, 44, 46, 48, 51–54, 58, 59].
A number of technical advances will likely improve the
usefulness of models, including rigorous methodologies for
dealing with missing and uncertain information; improved
methods for interpretation of multivariate data sets and for
multi-objective decision making involving trade-offs
among conflicting goals; and novel modelling methods as
alternatives to traditional mathematical models. More
generally, there is a great need for operational definitions
and metrics for sustainability and resilience in economic,
ecological, and societal systems.
Basic principles of sustainable development
The simple analysis in the introduction and some other
components discussed in this article highlight the following
basic principles:
1. Sustainable development is a system formed of
technological and non-technological subsystems with
the following components as the principle ones:
(a) Political (e.g. legislations and strategic
decisions…).
(b) Economical (e.g. investment in novel new
technologies).
(c) Social, ethical/moral (e.g. consumption trends,
acceptance of novel clean technologies and
products, moral/ethical factors).
(d) Technological (e.g. novel efficient clean technol-
ogies, clean fuels, efficient utilization of renew-
able feedstock, new environmentally friendly
products, in-process modification for minimum
pollution maximum production (MPMP), effi-
cient waste treatment) with special emphasis on
the technological subsystem with the other sub-
systems in the background.
2. Sustainable development engineering is a subsystem
of the technological subsystem of sustainable
development.
3. Sustainable development can also be divided into the
following [24, 27, 29, 34, 39, 41].
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(a) Sustainable development with respect to produc-
tion, which is the main emphasis of this article.
(b) Sustainable development with respect to con-
sumption, which is in the background of this
article.
Sustainable production and consumption (SP&C)
emerged as a key issue on the sustainable development
agenda at the UN Conference on Environment and
Development (UNCED) in Rio de Janeiro in 1992. The
agenda called on governments, businesses, and others to
implement measures to promote efficiencies in production
and encourage sustainable patterns of consumption. It went
on to say that the developed countries should take the lead
in introducing those measures. An international agenda had
been introduced by the UN Commission on Sustainable
Development (UNCSD), in cooperation with national
governments; the Organization for Economic Cooperation
and Development (OECD) and others responded to this
mandate with an international work programme and rec-
ommendations for action. Proposed action items included
the following:
– Pricing reforms to internalize environmental costs and
remove subsidies that generate unsustainable
consumption
– ‘‘Green’’ public procurement policies
Main actions taken for sustainable development include:
– Extending producer responsibility for the lifecycle
environmental impacts of goods and services
– Eco-labelling programmes
The UNCSD has called specifically upon businesses to
do the following:
• Integrate environmental criteria into their purchasing
policies
• Design more efficient products and processes
• Increase the life-spans for durable goods
• Improve their after-sales services, reuse, and recycle
• Promote sustainable consumption through advertising,
marketing, and product information
4. Efficient engineering is a subsystem of environmental
engineering, and environmental engineering is a sub-
system of sustainable development engineering. In
other words, efficient engineering is necessary but not
sufficient for environmental engineering, and envi-
ronmental engineering is necessary but not sufficient
for sustainable development engineering.
5. Metrics are necessary for measuring sustainability [31,
55].
According to the extensive study by the IChemE, met-
rics for sustainability can be divided into three groups:
environmental indicators, economic indicators, and social
indicators. This emphasizes, however, the three categories
do not show explicitly the importance of RRMs for sus-
tainability, shown very simply and briefly above. RRMs
represent a crucial component of sustainable development
engineering and, thus, sustainable development and C&GT
based on non-RRMs may be satisfactory from an envi-
ronmental engineering point of view but is not sustainable.
Biofuels [15] are an important subsystem of renewable
clean energy, others are wind energy, solar energy, etc.
There are a large number of biofuels; each one of them can
be produced through different routes. Figure 1 shows some
of these routes for biodiesel and biohydrogen. All biofuels
and all technologies will have their positions in the clean
fuels matrix of the future.
Figure 1 shows two types of biodiesels, the strategic
Fischer–Tropsch biodiesel from syngas [4, 36, 45] and the
non-strategic biodiesel from the transesterification of
vegetable oils. A third type of biodiesel, which is proving
to be more strategic than both, is the algae biodiesel [2, 6,
13, 14, 23, 35, 47, 50]. Among the most photosynthetically
efficient plants are those various types of algae. Some
species of algae are ideally suited to biodiesel production
due to their high oil content (some well over 50 % oil) [7,
13, 35] and extremely fast growth rates, 200 times faster
than soya bean [20]. Extensive research is carried out now
on the growth of specially chosen strains of microalgae [3,
28, 40, 49] in optimally designed and operated photobi-
oreactors [3].
Integrated bioreactors
An IBR is a complex facility that integrates biomass con-
version processes and equipment to produce fuel, power,
and chemicals/biochemicals from the biomass. It is analo-
gous to today’s petroleum refineries and its integrated pet-
rochemical complexes, which produce multiple fuels and
products from petroleum. IBRs have been identified as the
most promising route to the creation of a new domestic and
distributed bio-based industry. Sustainability does not
depend only on sustainable fuels but also on sustainability
of other commodities for modern societies. This important
simple fact leads to the important concept of IBRs [39]
producing not only sustainable fuels but also other sus-
tainable commodities and energy. The National Renewable
Energy Laboratory, which is a part of the USA Department
of Energy (DOE), defines biorefinery as ‘‘a facility that
integrates biomass conversion processes and equipment to
produce fuels, power, and chemicals from biomass.’’ The
present view about IBRs is based on two platforms, the
sugar platform and syngas platform, as discussed later.
Production facilities for sustainable biofuels are a subsys-
tem of IBRs. The implications of this are as follows:
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• A sustainable biofuels facility built today should be
planned with its growth into an IBR in mind.
• Sustainable biofuel production will almost always be a
part of IBRs.
• An advanced definition of IBRs and their subsystems
should be developed together with a clear definition of
biofuels and bioproducts.
• A clear definition of sustainability and quantification of
these definitions into suitable metrics should be
developed.
Both the National Science Foundation (NSF) and DOE
are putting large research funds into development of IBRs
[1, 5, 8–10, 25, 26, 32, 33, 42, 43, 61].
IBRs represent an integral critical subsystem of sus-
tainable development, which is a multi-disciplinary system
by its very nature, as discussed earlier. It is best to use the
integrated system approach to study this complex multi-
disciplinary system and its subsystems. Engineers are most
interested in the technology part (which is a subsystem of
the sustainable development system) but with a background
understanding of other subsystems and collaboration with
other disciplines, as discussed earlier. Also discussed ear-
lier, sustainable development engineering is the most
important subsystem of the technology part, which is itself a
subsystem of the sustainable development system. As dis-
cussed earlier, the efficient utilization of RRMs is at the
heart of sustainability. RRMs should be defined very
clearly, for this is strongly related to the cycle of
renewability, that is, fossil fuels are renewable, but over a
cycle of hundreds of thousands (or even millions) of years.
A RRM should be renewable over a period of 6–18 months.
RRMs can be any kind of renewable waste, for example,
agricultural waste, municipal waste, and so on, or special
(energy) crops produced specifically to be used for this
purpose, for example, switchgrass cultivated and produced
especially for biofuels. On the other hand, useful agricul-
tural products used today for biofuels, for example, corn for
ethanol, vegetable oil for transesterification to biodiesel,
etc., are not acceptable as RRMs because of the consump-
tion of important edible products at a time of food shortage
everywhere, especially in developing nations.
Renewable biomass, the main group of RRMs, is a storage
tank for solar energy through biosynthesis, CO2, and other
nutrients. The ultimate aim for biofuels is to produce as much
CO2 as consumed in the biosynthesis of the biomass that
produced it. This, with maximum efficiency, may lead to
approaching zero net CO2 emission. We cannot really dis-
pose of any CO2 resulting from fossil fuel; it only keeps
circulating from one form/place to the other, except with
sequestration by injection under the bottom of the ocean,
which is expensive. Its side effects are not known and can
only be practised by very large companies. All other tech-
niques just move the CO2 from one location/to the other
without reducing the earth CO2 added inventory from the
carbon source that came from under the ground.
Hydrogen is a good clean fuel and will occupy its part in
the clean fuels matrix and is, therefore, one of the potential
Fig. 1 Some routes to biodiesel
and biohydrogen
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products of IBRs. However, although the claim that it is
100 % clean is locally true, it is actually not globally true if
its source is fossil fuel, whether directly through catalytic
steam reforming (CSR) 95 % of hydrogen produced in
United States is through CSR or indirectly through pro-
duction of electricity (90 % of electricity in the United
States is from coal) followed by electrolysis. It can be
globally clean only if the source is bio, wind, hydro,
nuclear, etc.
The range of fermentable sugars is expanding due to the
development in microbiology (specially genetic engineer-
ing) and the discovery of efficient mutated microorganisms
capable of fermenting the wide range of sugars produced
from cellulose/hemicellulose hydrolysis. A strong chal-
lenge with lots of intensive research nowadays is in the
field of efficient and clean hydrolysis of cellulose/hemi-
cellulose to sugars suitable for fermentation with classical
microorganisms and/or mutated ones. Important improve-
ments are achieved in the enzymatic hydrolysis of
cellulose/hemicellulose. The process of fermentation is
improving continuously using novel membrane immobi-
lized fermenters and novel modes of operation. Lignin
from lignocelluloses is used as a cheap fuel to improve the
energy efficiency of the IBRs; however, the future potential
is to use it as a platform for a wide range of products to
replace certain petroleum refining and petrochemical pro-
ducts. Important improvements are introduced to syngas
production from biomass through both a one-step process
(biomass gasification to syngas) and a two-step process
(biomass fast pyrolysis to bio-oil followed by CSR of bio-
oil to syngas). The two-step process seems to be better with
regard to the percentage of H2 in the syngas. Certain dif-
ficulties associated with CSR of bio-oil are solvable
through novel reformers configurations such as circulating
fluidized bed (CFB) CSR. An important challenge in the
biomass to FT biofuels process is the integration of the
endothermic CSR process with the exothermic catalytic
FT process into one integrated membrane catalytic auto-
thermal process. This auto-thermic process can also be
integrated to a fluidized bed catalytic chemical vapour
deposition (FBCCVD) that will utilize CO2 as the feed-
stock and produce the very valuable carbon nanotubes and
oxygen to be used in the catalyst regeneration for the CFB
CSR. This part of a process can be considered an ele-
mentary biorefineries (EBR) and is described very shortly
below.
Novel membrane catalytic reactor for catalytic steam
reforming coupled to catalytic Fischer–Tropsch process
and the novel over all reactor coupled to a novel process to
crack CO2 to carbon nanotubes and oxygen coupled
membrane reactors could also make a positive contribu-
tion to meet the challenge of sustainable development.
This example is dedicated to treatment of one or more
intermediates, produced thermochemically from biomass,
to produce biofuels that could replace blends of gasoline,
diesel, or jet fuels, as well as bioproducts and other liquid
hydrocarbons suitable to be fed to existing petroleum
refineries (biocrude oil). These intermediates and products
include fast pyrolysis bio-oil, syngas, ethanol, mixed
alcohols, mixed oxygenates (C2 and higher), olefins,
ethers, biofuels, biofuels, biocrude oil, etc. This combina-
tion of integrated thermo-chemical-catalytic (TCC) pro-
cesses can be considered EBRs in contradistinction to IBRs
which include both TCC as well as biochemical processes
refineries. IBRs are large-scale complex systems address-
ing not only efficient production of a range of biofuels, but
also numerous bioproducts. Moving beyond ethanol to
higher hydrocarbons, biofuels are becoming increasingly
important as blend barriers are reached. Renewable refinery
feedstocks biocrude oil could reduce dependence on
imported oil by replacing fossil fuels. This could allow
progress beyond renewable gasoline-only blending com-
ponents, and it could also redirect oxygen present in
thermo-chemically-derived intermediates to value-added
co-products with economic benefits. The oxygen issue is
critical and can be addressed through different pathways.
The pathway in this example consists of:
1. Extracting oxygen in fast pyrolysis bio-oil and syngas
as CO2.
2. Using catalytic fluidized bed chemical vapour deposi-
tion reactors to re-carbonize CO2 into carbon nano-
tubes and oxygen.
3. Using oxygen to oxidize intermediates to biofuels and
other bioproducts, as well as in the regeneration of
catalyst(s).
Advancing these technologies includes choosing process
operating parameters to achieve maximum products yields,
integrity of process materials of construction, and long-
term long life catalyst performance to fit the biomass
feedstock. This is the best achieved by optimal coupling of
experimental techniques, reactor modelling and computer
simulation in novel configurations and catalytic processes.
Coupled membrane catalytic reactors represent the heart of
many of these processes, as shown below, in Fig. 2. This
example focuses on a relatively simple, but novel, inte-
grated biorefinery IBR to produce a wide range of products
and advanced materials. Reactor modelling and computer
simulation need to be combined with experimental results
to achieve system viability. A simplified schematic dia-
gram of the proposed process is shown in Fig. 2, where the
starting feed is the bio-oil obtained from biomass through
fast pyrolysis. Biomass such as corn stover, woody mate-
rials or rice straw is fast pyrolysed, and the resulting bio-oil
(fast pyrolysis bio-oil, FPBO) is transformed into syngas in
a novel catalytic Circulating fluidized bed membrane steam
112 Appl Petrochem Res (2013) 3:107–116
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reformer (CFBMSR). The syngas then goes to reaction
using novel efficient catalytic Fischer–Tropsch processes
and catalyst(s) (e.g. nanoparticle catalysts). Other sources
of syngas are also considered as shown in Fig. 2. Both CO
and H2 from the steam reforming process transfer to the
Fischer–Tropsch reactor through the selective membrane
coupling them. The remaining CO2 is treated together with
that resulting from catalyst regeneration as described
below. Pre-treatment other external syngas is pre-treated
processes, to optimize its composition. This will include to
be done using a catalytic reverse water–gas-shift reactor to
transform CO2 to CO, and CO2-absorption–desorption in a
pressure swing adsorption unit to remove any excess CO2
in the feed to the Fischer–Tropsch unit. This excess CO2
together with all the CO2 from the CFBMSR will be
treated in a novel catalytic fluidized bed chemical vapour
deposition reactors unit to produce CNTs and oxygen.
It is worth mentioning, here, that the extraordinary
properties of CNTs and its wide range of applications
have encouraged considerable efforts to synthesize this
valuable material. CO2 is a cheap, abundantly available
and renewable feedstock that can be converted into
highly added-value carbon nanostructures with high
carbon yields. Besides that, CO2 shows great potential as
oxidizing agent for improving the quality of CNT
synthesis [11, 37, 38, 56, 60, 62] and enables to cata-
lytically decompose amorphous carbon by the reverse
Boudouard reaction. Taking into account that for most
applications, highly pure CNTs are required dictates that
impurities should be removed during a post-synthesis
step. As purification procedures may affect the structure
of CNTs [57], much effort is still put into the develop-
ment of a direct low temperature synthesis route of high-
quality CNTs. Using the excess CO2 to produce CNTs
and/or bioproducts through photobiosynthesis will depend
upon many economical and technological factors.
The O2 will in turn be partly used to oxidize fast
pyrolysis bio-oil FPBO to additional biofuels and bio-
products, and partly to regenerate the steam reforming
catalyst in the CFBMSR. As shortly mentioned above the
CFBMSR is coupled to the Fischer–Tropsch reactor
through membranes which allow the transfer of CO and H2
from the CFBMSR to the Fischer–Tropsch reactor as well
as heat in the opposite direction from the exothermic
reactions in the Fischer–Tropsch reactor to the endothermic
reactions in the CFBMSR and the unreacted syngas SG
from the Fischer–Tropsch unit reactor will be recycled to
the reverse water–gas-shift unit. Use of fluidized beds for
the catalytic processes will increase efficiency and facili-
tate on-line sampling and characterization of the different
catalysts during the different stages of process develop-
ment to reach the commercial scale.
The EBR needs to be started up by a special procedure.
Each catalytic reactor must then operate at steady state for
Fig. 2 Simplified diagram for the proposed units at the refinery
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at least 2,000 h (3 months) with a single catalyst loading.
This will require a good control system for each unit and
for the overall biorefinery. In addition to on-line mea-
surement of state variables, small samples will need to be
withdrawn and analysed during operation to follow chan-
ges in state variables, including catalyst characteristics. If
this EBR is integrated to other lignocelluloses to biofuels
EBR based on the sugar platform, this integration of these
two EBRs results in an IBR. IBRs should be able to con-
tribute to sustainability and not only renewable biofuels. It
is important for IBRs to include all that is bio, whether with
regard to feedstock, processes, or both, for instance,
• Biomass utilizing sequential thermal catalytic processes
to produce FT biodiesel (the processes are not bio, but
the feedstock is bio)
• Biological treatment of CO and water to produce CO2
and hydrogen (biocatalysed water–gas shift) reaction;
the feed is not bio, but the process is bio)
• Lignocelluloses utilizing sequential bioprocesses to
produce cellulosic bioethanol (both feedstock and
processes are bio)
• Utilization of bioprocesses to transfer one form of
energy to another, for example, integrated bioenergy to
biofuel cells (IBE-BFCs) to change intermittent solar
energy into continuous electric energy, for many
applications including auto-thermal housing IBRs can
either grow with time as parts of existing plants (e.g.
pulp and paper industry) or start as an IBR based on
renewable fuels production and grow into a complete
IBR. Other forms of renewable classical energy (RCE)
(when suitable, e.g. wind energy) can be integrated with
the biofuels to generate the total renewable energy
profile of an IBR. The central intermediates (platforms)
for the biofuels part of the IBRs seem to be fermentable
sugars suitable for fermentation to bioethanol and/or
biobutanol and syngas suitable for both hydrogen
extraction and use in the Fischer–Tropsch process for
producing fuels from methanol up to diesel. It is
important, also, to notice that it is possible to combine
the gasification of biomass (or fast pyrolysis followed
by catalytic steam reforming (CSR) of the product bio-
oil) to produce biosyngas with the fermentation of this
biosyngas to produce bioethanol and or biobutanol.
Direct utilization of solar energy through different direct
techniques (e.g. photocells) without passing through the
biosynthesis stage is a possibility, but it has its own
bottlenecks and should be integrated with other tech-
nologies (e.g. IBE-BFCs) to fully utilize it as a part of
auto-thermal housing and IBRs. From the above, it is
clear that neither single biofuel nor one technology will
dominate for any single one of these biofuels. Humanity
will move from today’s matrix of dirty, non-renewable
fuels to a future matrix of clean, renewable fuels, with
the sub-matrix of different biofuels from different
technologies occupying a large portion of the clean
fuels matrix, and that sustainability will not be achieved
through biofuels only but should be extended to IBRs,
combining biofuels and other bioproducts with efficient
bioenergy to achieve sustainable development. Figure 3
shows a simple schematic diagram of an IBR formed of
only two platforms; the sugar and syngas platforms as
the bioenergy is an integral part of any IBR. It can be
considered an integration of two EBRs, and should be
optimized with regard to RRMs utilizations and useful
biofuels and bioproducts production with minimum to
zero emissions.
Conclusions
Today’s matrix of dirty, non-renewable fuels is moving to a
future matrix of clean, renewable fuels, with the sub-matrix
of different biofuels from different technologies occupying
a large portion of the clean fuels matrix. To achieve sus-
tainable development, biofuels processes should be exten-
ded to IBRs, combining biofuels and other bioproducts
with efficient bioenergy. IBRs represent an integral critical
subsystem of sustainable development, which is a multi-
disciplinary system by its very nature. It is best to use the
ISA to study this complex multi-disciplinary system and its
subsystems. Engineers are most interested in the technol-
ogy part (which is a subsystem of the sustainable devel-
opment system) but with a background understanding of
other subsystems and collaboration with other disciplines.
The utilization of RRMs is at the heart of sustainability
for biofuel production. It leads to the crucial importance of
biofuels at one level and IBRs at higher levels using the
Fig. 3 Preliminary biorefinery structure with the main two sugar and
syngas platforms
114 Appl Petrochem Res (2013) 3:107–116
123
integrated system approach as an efficient tool. Although,
biofuels from RRMs are very useful for a cleaner envi-
ronment, it is not sufficient for sustainable development
which needs both biofuels and bioproducts produced from
RRMs, therefore, requiring IBRs. This need of sustainable
development and its coupling to IBRs and RRMs suggests
other needs for new technologies and innovative solutions
to old and new challenges as well as novel technologies for
RRMs. Novel technologies will need to be utilized to the
most to make packages of RRMs with their novel tech-
nologies compete with classical non-RRMs and their well
established technologies. For the first package to win the
competition it has to use research extensively and utilize
optimal coupling between experimental techniques and
mathematical modelling in the development and scaling up
of novel technologies.
The current lack of success in improving industrial
sustainability, coupled with the challenges of biocom-
plexity and resilience, indicates that sustainability is a
system’s problem requiring collaborative solutions with a
multi-disciplinary nature. There is a great need for opera-
tional definitions and metrics for sustainability and resil-
ience in economic, ecological, and societal systems. In this
respect, the importance of the system theory is evident that
emphasis it should be more widely used in engineering
education and research.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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